The design and synthesis of functionalized isoindigo compounds by reaction of isoindigo with (S)-glycidyl tosylate, epibromohydrin, 2-(bromomethyl)-1-(arylsulfonyl)aziridine, and 2-(bromomethyl)-1-(alkylsulfonyl)aziridine in the presence of MeONa proceed under mild conditions in moderate yields. (3Z,3'Z)-3,3'-(Ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one), with an extended central olefin π-conjugated moiety was also reacted with methyl-oxiranes to give the corresponding N,N'-disubstituted derivative. Calculations with DFT and TD-DFT of hypothetical isoindigo-thiophene DA molecules with various electron withdrawing substituents, including aziridine, oxirane, nitrile, carbonyl, and sulfonate, indicated that the proximity and strength of the functional group have a significant effect on the HOMO, LUMO, vertical excitation energy, and oscillator strength of the π-π* transitions.
Introduction
The synthesis of new dyes with intense absorption in the visible spectrum is of interest in the development of high-performance organic electronic materials [1] [2] [3] . For example, donor-acceptor (DA) type semiconductors have been investigated widely for potential application in the design and application of organic-based solar-cell devices. Ideal acceptor building block molecules would possess strong electron withdrawing character, should be solution processable, be of low cost, easily accessible and have excellent stability.
Isoindigo, the structural isomer of the better-known indigo, has been the subject of numerous studies of solar-cell technologies [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is an electron-deficient moiety, as indicated by low highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, essential for small bandgap DA systems [10] . Furthermore, isoindigo features NH functionalities, which are easily alkylated, allowing facile derivative synthesis [13, 14] . This method has been employed to modify a variety of DA systems that have been noted to influence solubility, aggregation, light absorption, blend morphology, charge-carrier mobility, stability, and electronic properties [11, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In the design of DA-semiconductors, N-alkylation is primarily used to influence solubility; this has previously been investigated both experimentally and theoretically for isoindigo-based In a typical example, analysis of the 13 C NMR spectra of compound 3 showed a resonance at δ 44.1 assigned to C2'' of epoxide ring. Analysis of the 1 H NMR spectrum showed two doublets of doublets at δ 3.61 (J = 15.1, 5.5 Hz), and δ 4.20 (J = 15.0, 3.2 Hz) assigned to H3'' with protons of CH2O assigned to a multiplet at δ 2.60-2.62 and a triplet at δ 2.76 due to the a stereogenic C2''. Broad absorption bands with maxima at 204 nm and 390 nm were observed in the UV-vis spectrum.
The isoindigo analogue (3Z,3'Z)-3,3'-(ethane-1,2-diylidene)bis(indolin-2-one) 4 is an extended π-conjugated dimeric heterocycle that has recently been investigated for applications in performance organic semiconductors [35] . Derivatives of this molecule were synthesized by reaction of 4 with (S)glycidyl tosylate or epibromohydrin 2 in the presence of MeONa in DMF at 40 °C for 4 h, which gave (3Z,3'Z)-3,3'-(ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one)s 5 in 68% and 62% yield respectively ( Table 1) . Analysis of the FTIR spectrum of 5 showed an absorption at 1689 cm −1 assigned to the two identical carbonyl moieties and the UV-vis spectrum showed two absorption maxima at 201 and 302 nm for this red compound. The HRESI mass spectrum showed a peak at m/z 423.1313, assigned to the molecular formula C24H20N2O4Na and was indicative of the addition of two 2methyloxirane units.
The diverse array of 2-(bromomethyl)-1-(arylsulfonyl)aziridines, and 2-(bromomethyl)-1-(alkylsulfonyl)aziridines 6 constitute a unique subclass of N-activated aziridines due to the presence of three electrophilic sites; the exocyclic methylene group and the two carbon atoms of the aziridine moiety [36] [37] [38] . These valuable precursors, with extensive applications in the synthesis of organic or biological compounds such as β-lactams, amino acids, alkaloids, and antibiotics, were synthesized in high yields in two steps starting with allylsulfonamides [39] . In a typical example, analysis of the 13 C NMR spectra of compound 3 showed a resonance at δ 44.1 assigned to C2'' of epoxide ring. Analysis of the 1 H NMR spectrum showed two doublets of doublets at δ 3.61 (J = 15.1, 5.5 Hz), and δ 4.20 (J = 15.0, 3.2 Hz) assigned to H3'' with protons of CH2O assigned to a multiplet at δ 2.60-2.62 and a triplet at δ 2.76 due to the a stereogenic C2''. Broad absorption bands with maxima at 204 nm and 390 nm were observed in the UV-vis spectrum.
The diverse array of 2-(bromomethyl)-1-(arylsulfonyl)aziridines, and 2-(bromomethyl)-1-(alkylsulfonyl)aziridines 6 constitute a unique subclass of N-activated aziridines due to the presence of three electrophilic sites; the exocyclic methylene group and the two carbon atoms of the aziridine moiety [36] [37] [38] . These valuable precursors, with extensive applications in the synthesis of organic or biological compounds such as β-lactams, amino acids, alkaloids, and antibiotics, were synthesized in high yields in two steps starting with allylsulfonamides [39] . In a typical example, analysis of the 13 C NMR spectra of compound 3 showed a resonance at δ 44.1 assigned to C2" of epoxide ring. Analysis of the 1 H NMR spectrum showed two doublets of doublets at δ 3.61 (J = 15.1, 5.5 Hz), and δ 4.20 (J = 15.0, 3.2 Hz) assigned to H3" with protons of CH 2 O assigned to a multiplet at δ 2.60-2.62 and a triplet at δ 2.76 due to the a stereogenic C2". Broad absorption bands with maxima at 204 nm and 390 nm were observed in the UV-vis spectrum.
The isoindigo analogue (3Z,3'Z)-3,3'-(ethane-1,2-diylidene)bis(indolin-2-one) 4 is an extended π-conjugated dimeric heterocycle that has recently been investigated for applications in performance organic semiconductors [35] . Derivatives of this molecule were synthesized by reaction of 4 with (S)-glycidyl tosylate or epibromohydrin 2 in the presence of MeONa in DMF at 40 • C for 4 h, which gave (3Z,3'Z)-3,3'-(ethane-1,2-diylidene)bis(1-(oxiran-2-ylmethyl)indolin-2-one)s 5 in 68% and 62% yield respectively ( Table 1) . Analysis of the FTIR spectrum of 5 showed an absorption at 1689 cm −1 assigned to the two identical carbonyl moieties and the UV-vis spectrum showed two absorption maxima at 201 and 302 nm for this red compound. The HRESI mass spectrum showed a peak at m/z 423.1313, assigned to the molecular formula C 24 H 20 N 2 O 4 Na and was indicative of the addition of two 2-methyloxirane units. The synthesis of the functionalized red-coloured (E)-1,1'-bis((1-(alkylsulfonyl)aziridin-2yl)methyl)-[3,3'-biindolinylidene]-2,2'-diones and (E)-1,1'-bis((1-(arylsulfonyl)aziridin-2-yl)methyl)-[3,3'-biindolinylidene]-2,2'-diones 7a-7h from 2-(bromomethyl)-1-(arylsulfonyl)aziridine, and 2-(bromomethyl)-1-(alkylsulfonyl)aziridine 6 proceeded in 53%-60% yield ( Table 1 ). Analysis of the FTIR spectrum of 7a showed stretches at 1678 cm −1 assigned to the two carbonyl groups while the stretches at 1290 and 1196 cm −1 were assigned to the sulfonamide moiety. Analysis of the 1 H NMR spectrum showed doublets of doublets at δ 3.81 (J = 15.0, 5.4 Hz) and 4.08 (J = 14.9, 2.4 Hz), doublets at δ 2.20 (J = 4.2 Hz) and 2.57 (J = 6.9 Hz), a triplet at δ 0.96 ppm (J = 7.4 Hz), and three multiplet resonances at δ 1.70-1.79, 2.87-2.91, and 2.99-3.02 assigned to the aliphatic protons of (E)-1,1'-bis((1-(propylsulfonyl)aziridin-2-yl)methyl)-[3,3'-biindolinylidene]-2,2'-dione 7a. The 13 C NMR spectrum showed two resonances at δ 35.11 and 35.13 assigned to C3'' and resonances at δ 39.43 and 39.45 ppm were assigned to C1'' indicating a mixture of diastereomers present due to the stereogenicity of aziridine C2''. The UV-vis spectrum showed two absorption maxima at 203 and 390 nm for this red compound.
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Computational Studies
To investigate the theoretical application of the synthesized N-alkylated molecules in DA-molecules, molecular modelling of theoretical thiophene isoindigo molecules was performed on DFT optimized monomer and dimer structures (Figure 1 ). Only the substitution of mesyl protected aziridine (Me-aziridine) and oxirane (Me-oxirane) were modelled, and these were compared with an iso-butyl substitution (PTI1), which has previously been characterized [25] . Table 1 , entry 9). Analysis of the FTIR spectrum of 7i showed absorptions at 1740 and 1693 cm −1 assigned to the carbonyls of the ketone and amide moieties. Analysis of the 13 C NMR spectrum revealed four resonances at 166.90, 166.94, 212.6, and 213.1 ppm assigned to carbonyls of the amide and ketone respectively. These observations are in agreement with the formation of the stable 7i as two diastereomers. The presence of two singlet resonances at δ 0.69 and 0.97 with an integration equivalent to two methyl groups in 1 H NMR spectrum is a further confirmation of the synthesis of the SR and SS isomers. The HRMS spectrum of this molecule displayed a peak at 799.2875, assigned to molecular formula C42H48N4O8S2.
To investigate the theoretical application of the synthesized N-alkylated molecules in DAmolecules, molecular modelling of theoretical thiophene isoindigo molecules was performed on DFT optimized monomer and dimer structures (Figure 1 ). Only the substitution of mesyl protected aziridine (Me-aziridine) and oxirane (Me-oxirane) were modelled, and these were compared with an iso-butyl substitution (PTI1), which has previously been characterized [25] . Analysis of the TD-DFT calculations indicated that substitution with the Me-oxirane had negligible effect on the vertical excitations and therefore the modelled UV-vis absorption (Figure 2 ). The aziridine substitution did, however, result in a red shift and increased oscillator strength for the first vertical excitation. Despite the methyl group separating the aziridine ring from the isoindigo unit, it is apparent that functional groups do influence the electronics of the principle DA system. Analysis of the TD-DFT calculations indicated that substitution with the Me-oxirane had negligible effect on the vertical excitations and therefore the modelled UV-vis absorption (Figure 2 ). The aziridine substitution did, however, result in a red shift and increased oscillator strength for the first vertical excitation. Despite the methyl group separating the aziridine ring from the isoindigo unit, it is apparent that functional groups do influence the electronics of the principle DA system.
Analysis of the TD-DFT calculations indicated that substitution with the Me-oxirane had negligible effect on the vertical excitations and therefore the modelled UV-vis absorption (Figure 2 ). The aziridine substitution did, however, result in a red shift and increased oscillator strength for the first vertical excitation. Despite the methyl group separating the aziridine ring from the isoindigo unit, it is apparent that functional groups do influence the electronics of the principle DA system. To probe and obtain a better understanding of this N-substitution effect, a series of electronwithdrawing substitutions were subsequently modelled, including nitrile, carbonyl, and sulfonatebased substitutions (Figure 1 ). Comparison of the optimized monomer geometries revealed substitutions with a greater electron withdrawing character altered C3-C3' and C2"-C6 torsion angles and resulted in a more twisted core (Figure 3) . The Me-aziridine substitution was the exception to this trend, wherein the change was towards a more planar geometry. This is not likely to be a steric effect, since the N-substitution groups are well placed facing out from the system. Nevertheless, because of the separation of the aziridine moiety from the DA system core, this flatter geometry is likely the reason for the observed energy red shift and oscillator strength increase for the first vertical transition. To probe and obtain a better understanding of this N-substitution effect, a series of electronwithdrawing substitutions were subsequently modelled, including nitrile, carbonyl, and sulfonatebased substitutions (Figure 1 ). Comparison of the optimized monomer geometries revealed substitutions with a greater electron withdrawing character altered C3-C3' and C2''-C6 torsion angles and resulted in a more twisted core (Figure 3) . The Me-aziridine substitution was the exception to this trend, wherein the change was towards a more planar geometry. This is not likely to be a steric effect, since the N-substitution groups are well placed facing out from the system. Nevertheless, because of the separation of the aziridine moiety from the DA system core, this flatter geometry is likely the reason for the observed energy red shift and oscillator strength increase for the first vertical transition. Comparison of the modelled absorption spectra revealed a general energy red shift and oscillator strength increase for the first vertical excitation, with a decrease in oscillator strength for the next prominent vertical excitation. The most prominent difference between the monomer and dimer vertical excitations was a general red shift of the energies, in addition to an almost 3-fold increase in the oscillator strength of the first vertical excitation, which was interpreted as being due to increasing the size of the π system, in agreement with theory and experiment [5] .
The changing oscillator strengths was a distinct observation. It has been previously noted that increasing the number of electrons in the molecule, in our case with the substituents, will give an increase of oscillator strength in TD-DFT calculations [40] . However, it was observed here that only specific transitions underwent significant change, and did not always increase in oscillator strength. Furthermore, molecular modelling of thiophene-isoindigo monomers with hexyl carbonyl Nsubstitutions, where the position of the carbonyl is changed, indicated the calculated vertical Comparison of the modelled absorption spectra revealed a general energy red shift and oscillator strength increase for the first vertical excitation, with a decrease in oscillator strength for the next prominent vertical excitation. The most prominent difference between the monomer and dimer vertical excitations was a general red shift of the energies, in addition to an almost 3-fold increase in the oscillator strength of the first vertical excitation, which was interpreted as being due to increasing the size of the π system, in agreement with theory and experiment [5] . The changing oscillator strengths was a distinct observation. It has been previously noted that increasing the number of electrons in the molecule, in our case with the substituents, will give an increase of oscillator strength in TD-DFT calculations [40] . However, it was observed here that only specific transitions underwent significant change, and did not always increase in oscillator strength. Furthermore, molecular modelling of thiophene-isoindigo monomers with hexyl carbonyl N-substitutions, where the position of the carbonyl is changed, indicated the calculated vertical excitations are directly influenced by the proximity of the carbonyls (Figure 4 ).
shows torsion angles in the thiophene-isoindigo system for selected substitutions.
Comparison of the modelled absorption spectra revealed a general energy red shift and oscillator strength increase for the first vertical excitation, with a decrease in oscillator strength for the next prominent vertical excitation. The most prominent difference between the monomer and dimer vertical excitations was a general red shift of the energies, in addition to an almost 3-fold increase in the oscillator strength of the first vertical excitation, which was interpreted as being due to increasing the size of the π system, in agreement with theory and experiment [5] .
The changing oscillator strengths was a distinct observation. It has been previously noted that increasing the number of electrons in the molecule, in our case with the substituents, will give an increase of oscillator strength in TD-DFT calculations [40] . However, it was observed here that only specific transitions underwent significant change, and did not always increase in oscillator strength. Furthermore, molecular modelling of thiophene-isoindigo monomers with hexyl carbonyl Nsubstitutions, where the position of the carbonyl is changed, indicated the calculated vertical excitations are directly influenced by the proximity of the carbonyls (Figure 4 ). a b As oscillator strength is related to the transition dipole moment [30] , it is possible the MOs involved are changing such that the orbital overlap between the ground and excited state are different. Therefore, to investigate this proposition further, the character of these transitions, the MOs and NTOs were calculated for iso-butyl, acetonitrile and mesylate substituted molecules, as a sample of the complete set of molecules studied. In all TD-DFT calculations, the 1st vertical excitation was found to consist primarily of the HOMO and LUMO, which were found to be π/π* in character, in agreement with previous studies ( Figure 5 and Figure S4 ) [4] [5] [6] . Visual comparison of these molecular orbitals indicated similar shape and distribution, with delocalization of π and π* orbitals on the isoindigo and thiophene moieties. As oscillator strength is related to the transition dipole moment [30] , it is possible the MOs involved are changing such that the orbital overlap between the ground and excited state are different. Therefore, to investigate this proposition further, the character of these transitions, the MOs and NTOs were calculated for iso-butyl, acetonitrile and mesylate substituted molecules, as a sample of the complete set of molecules studied. In all TD-DFT calculations, the 1st vertical excitation was found to consist primarily of the HOMO and LUMO, which were found to be π/π* in character, in agreement with previous studies (Figures 5 and S4) [4] [5] [6] . Visual comparison of these molecular orbitals indicated similar shape and distribution, with delocalization of π and π* orbitals on the isoindigo and thiophene moieties. The MO analysis indicated the principle MOs are consistent, independent of the specific N,N´-substitutive groups present, and therefore the primary changes observed can be related to the inductive influences of the respective substitutions. Inspection of the calculated orbital energy levels for the monomers indicated similar stabilization of the HOMO and LUMO for weaker inductive groups, i.e., Me-oxirane or Me-aziridine, up to 0.05 eV. Derivatives with stronger inductive groups, i.e., the sulfonates and carbonyls, showed greater LUMO stabilization, up to 0.36 eV (Table S1) .
To analyze the next major vertical excitation, NTO analysis was used to simplify the mixed occupied component. This π/π* transition was similar to the 1st excitation, however, minimal electron density is present on the thiophene moiety, and disappears completely with mesylate substitution ( Figure 6 ). This is particularly interesting in relation to the oscillator strengths calculated, whereby the 1st vertical excitation increased, this excitation has decreased. Relating this back to the observed changes in geometry, it can be rationalized in terms of conjugation, whereby the 1st excitation is delocalized over both isoindigo and thiophene, the increased planarity of the thiophene-isoindigo bond improves the orbital overlap and conjugation. The 3rd excitation however, is localized on the isoindigo because twisting has hindered orbital overlap and conjugation. This can be seen in the NTO analysis, where the π orbital seen in the iso-butyl substituted isoindigo central C2=C2´alkene loses orbital overlap with acetonitrile or mesylate substitution and resulted in more p-type orbitals over the C2 and C2´carbons. From the MO and NTO analyses performed here no significant patterns were found to relate the electron density distribution and the TD-DFT patterns observed. Like the 1st excited state HOMO to LUMO transition, substitutions with electron-withdrawing groups lower the energy of the principle π-states. Based on the TD-DFT excitation patterns, in agreement with the changes observed in the HOMO and LUMO energy levels, the result reported here is in agreement with those previously found for substitutive effects in other molecules [5, 18] . That is, N-alkylation of isoindigo in DAsemiconductor molecules has an opto-electronic stabilizing effect on the MOs, particularly the LUMO when electron-withdrawing groups are used, however they are not directly involved in any transitions. Therefore, the N-alkylation of isoindigo with electron-withdrawing substituents redshifts the first vertical optical transition and could provide useful chromophores for subsequent reactions or functionalization.
Conclusions
An efficient synthesis of the functionalized red-colored (E)-1,1'-bis((1-(alkylsulfonyl)aziridin-2yl)methyl)-[3,3'-biindolinylidene]-2,2'-diones 7a-d and (E)-1,1'-bis((1-(arylsulfonyl)aziridin-2yl)methyl)-[3,3'-biindolinylidene]-2,2'-diones 7e-h has been accomplished starting from accessible N-activated Me-aziridine substrates using inexpensive sodium methoxide as base at room From the MO and NTO analyses performed here no significant patterns were found to relate the electron density distribution and the TD-DFT patterns observed. Like the 1st excited state HOMO to LUMO transition, substitutions with electron-withdrawing groups lower the energy of the principle π-states. Based on the TD-DFT excitation patterns, in agreement with the changes observed in the HOMO and LUMO energy levels, the result reported here is in agreement with those previously found for substitutive effects in other molecules [5, 18] . That is, N-alkylation of isoindigo in DA-semiconductor molecules has an opto-electronic stabilizing effect on the MOs, particularly the LUMO when electron-withdrawing groups are used, however they are not directly involved in any transitions. Therefore, the N-alkylation of isoindigo with electron-withdrawing substituents red-shifts the first vertical optical transition and could provide useful chromophores for subsequent reactions or functionalization.
An efficient synthesis of the functionalized red-colored (E)-1,1'-bis((1-(alkylsulfonyl)aziridin-2-yl)methyl)-[3,3'-biindolinylidene]-2,2'-diones 7a-d and (E)-1,1'-bis((1-(arylsulfonyl)aziridin-2-yl)me thyl)-[3,3'-biindolinylidene]-2,2'-diones 7e-h has been accomplished starting from accessible N-activated Me-aziridine substrates using inexpensive sodium methoxide as base at room temperature. This approach was applied successfully to the synthesis of (E)-1,1'-bis(oxiran-2-ylmethyl)-[3,3'biindolinylidene]-2,2'-dione by the incorporation of the appropriate leaving group, such as Br or OTs, into the epoxide substrate.
To investigate the applicability of these molecules in DA based solar cells, molecular modelling showed these N-substitutions had minimal influence on the electronics of the primary DA system. Further computational investigations indicated that the proximity of functional groups with the DA system is important, and proposed acetonitrile, carbonyl or sulfonate substitutions can have a substantial effect. Briefly, this included a lowering of the HOMO and particularly the LUMO energies, with a respective increase in oscillator strength and decrease in energy for the 1st vertical excitation (HOMO to LUMO).
Experimental Section

General Methods
Reagents and solvents were purchased reagent grade and used without further purification except 2-(bromomethyl)-1-(arylsulfonyl)aziridine and 2-(bromomethyl)-1-(alkylsulfonyl)aziridine (1.5 mmol), 2-(bromomethyl)-1-tosylaziridine, 2-(bromomethyl)-1-(phenylsulfonyl)aziridine, 2-(bromomethyl)-1-(methylsulfonyl)aziridine. All reactions were performed in standard oven dried glassware under a nitrogen atmosphere unless otherwise stated. Melting point temperatures are expressed in degrees Celsius ( • C) and are uncorrected. 1 H and 13 C NMR spectra (CDCl 3 ) were recorded at 400 MHz and 100.6 MHz respectively with chemical shifts (δ) reported in parts per million relative to TMS (δ = 0 ppm) or CDCl 3 (δ = 77.0 ppm) as internal standards. Coupling constants (J) are reported in Hertz (Hz). Multiplicities are reported as singlet (s), broad singlet (bs), doublet of doublets (dd), or multiplet (m). High Resolution Electrospray Ionization (HRESI-single quadrupole) mass spectra have their ion mass to charge (m/z) values stated with their relative abundances as a percentage in parentheses. Peaks assigned to the molecular ion are denoted by [M + H] + or [M + Na] + . Infrared (IR) spectra were recorded on neat samples. UV-visible spectra were recorded CH 2 Cl 2 solutions. Thin Layer Chromatography (TLC) was performed using Silica Gel F 254 aluminum sheets. Column chromatography was performed under gravity using Silica Gel 60 (0.063-0.200 mm). Eluents are in volume to volume (v:v) proportions. Solvent extracts or chromatographic fractions were concentrated by rotary evaporation in vacuo.
Synthesis and Characterisation
(E)-1,1'-bis(oxiran-2-ylmethyl)-[3,3'-biindolinylidene]-2,2'-dione (3). To a stirred solution of isoindigo 1 (131 mg, 0.5 mmol) in DMF (3 mL) was added sodium methoxide solution (59.4 mg, 1.0 mmol) in DMF (2 mL) at room temperature. The reaction mixture stirred for 20 min, followed by the addition of the (S)-glycidyltosylate or epibromohydrin (1.5 mmol) and the reaction stirred for 5 h at 40 • C. The mixture was poured onto H 2 O (10 mL), extracted with CH 2 Cl 2 (20 mL), dried (MgSO 4 ), and the solvent was removed under reduced pressure. The residue was subjected to silica gel (0.063-0.200 size) column chromatography using hexane-ethyl acetate as eluent. Red powder, m.p. 158 • C. IR (KBr) (ν max /cm −1 ): 1682, 1604, 1464, 1353, 846, 774. λ max /nm ( , M −1 cm −1 ) 204 (39120), 390 (1091). 1 
